The growth and study of materials showing novel topological states of matter is one of the frontiers in condensed matter physics. Among this class of materials, the nitride antiperovskite Cu 3 PdN has been proposed as a new three-dimensional Dirac semimetal. However, the experimental realization of Cu 3 PdN and the consequent study of its electronic properties have been hindered due to the difficulty of synthesizing this material. In this study, we report fabrication and both structural and transport characterization of epitaxial Cu 3 PdN thin films grown on (001)-oriented SrTiO 3 substrates by reactive magnetron sputtering and post-annealed in NH 3 atmosphere. The structural properties of the films, investigated by x-ray diffraction and scanning transmission electron microscopy, establish single phase Cu 3 PdN exhibiting cube-on-cube epitaxy (001)[100]Cu 3 PdN||(001)[100]SrTiO 3 . Electrical transport measurements of as-grown samples show metallic conduction with a small temperature coefficient of the resistivity of 1.5 × 10 4 K 1 and a positive Hall coefficient. Post-annealing in NH 3 results in the reduction of the electrical resistivity accompanied by the Hall coefficient sign reversal. Using a combination of chemical composition analyses and ab initio band structure calculations, we discuss the interplay between nitrogen stoichiometry and magneto-transport results in the framework of the electronic band structure of Cu 3 PdN. Our successful growth of thin films of antiperovskite Cu 3 PdN opens the path to further investigate its physical properties and their dependence on dimensionality, strain engineering, and doping. © 2017 Author (s The discovery of three-dimensional (3D) Dirac semimetal (DSM) phases in Na 3 Bi 1,2 and Cd 3 As 2 3-7 was a breakthrough in condensed matter physics as it launched the growth and study of 3D topological materials. Bulk 3D-DSMs, characterized by having Dirac-type energy dispersion in the 3D momentum k-space close to the Fermi level, 8 are usually viewed as bulk counterparts of graphene owing to their similar electronic structure and unique transport properties, including ultrahigh electron motility and giant magnetoresistance. 6, 7 Moreover, Dirac nodes in bulk 3D-DSMs are robust against physical perturbations and doping as they are protected by distinct crystal symmetries. 3, 8, 9 In addition to their unique physical properties and potential electronic applications, 2,10 3D-DSMs are also a platform to realize other topological phases of interest, such as 14, 15 A schematic diagram of the proposed electronic band structure of Cu 3 PdN near the Fermi level (E F ) is shown in Fig. 1(a) , comprising a normal quadratic conduction band at the gamma (Γ) point, a linear dispersive valence band crossing E F along the R-X momentum direction, and a Dirac cone located along the R-M direction. In the absence of spin-orbit coupling (SOC), the gap at the R-X direction closes and calculations predict Cu 3 PdN to be a NLS, another topologically non-trivial phase in which the linear dispersive bands meet along a line in the k-space (node-line) instead of at discrete Dirac points. Experimentally, this phase can be achieved by replacing Pd by lighter atoms like Zn. In the NLS phase, "drumhead" surface states are predicted, which have been proposed as a platform for achieving high-temperature superconductivity. [16] [17] [18] [19] Additionally, if the C 4 crystal symmetry of Cu 3 PdN is broken, the Dirac nodes in the 3D-DSM phase are gapped and Cu 3 PdN becomes a strong topological insulator. 14, 15 Despite its intriguing predicted physical properties, the experimental realization of bulk Cu 3 PdN and its consequent electronic and transport characterization has been hindered due to the difficulty of synthesizing this material. The fact that Cu 3 PdN decomposes at 470°C, 20 together with the inherent unreactive nature of most nitrogen sources below that temperature, 21, 22 makes fabrication of this compound challenging. Low-temperature solution synthesis has been used to fabricate nanoparticles of Cu 3 PdN, 23, 24 but the small size and polycrystalline nature of the nanoparticles hamper the study of the intrinsic electronic properties of Cu 3 PdN. Fabrication of micrometric crystals was reported using high pressure synthesis techniques; 20 however, as with the solution derived material, the microscopic size makes electronic characterization challenging.
In this letter, we report fabrication of epitaxial thin films of Cu 3 PdN on (001)-oriented SrTiO 3 single crystal substrates. We overcame the difficulty introduced by low-temperature synthesis by using reactive magnetron sputtering, a deposition technique that can produce metal nitrides at relatively low temperatures by ionizing N 2 gas during the growth. 25 Our structural analyses confirm single phase Cu 3 PdN films exhibiting cube-on-cube epitaxy on SrTiO 3 . We show that post-annealing in NH 3 results in the reduction of the electrical resistivity of the films accompanied by the Hall coefficient sign reversal from positive to negative. Using secondary ion mass spectrometry (SIMS) compositional analysis and ab initio band structure calculations, we discuss the interplay between nitrogen stoichiometry and magneto-transport results in the framework of the electronic structure of Cu 3 PdN.
In Fig. 1(b) , we show the crystallographic unit cell of Cu 3 PdN. Ideal Cu 3 PdN has a cubic perovskite-type crystal structure (space group Pm-3m) with reported bulk lattice constant a = 3.854 Å for nearly stoichiometric Cu 3 Pd 0.989 N single crystals. 20 In antiperovskite Cu 3 PdN, nitrogen is located at the center of the unit cell in an octahedral interstitial surrounded by Cu atoms (face-centered) and Pd atoms at the corners of the cubic unit cell. A relevant feature of the crystal structure of Cu 3 PdN is its good structural and lattice match with most of the single-crystal oxide perovskite substrates with a general chemical formula ABO 3 , as shown in Fig. 1(b) . In terms of thin-film growth, these similarities between film and substrate are desirable as they are basic criteria to promote epitaxial growth.
Under the previous criterion, we chose (001) SrTiO 3 single crystals as substrates to grow Cu 3 PdN as they not only have similar crystal structures (same Pm-3m space group) but also have a good lattice match of ε = 1.3% in the (001) plane. 26 Moreover, (001)-oriented SrTiO 3 substrates can be treated by using a buffered-HF etch and subsequent high-temperature annealing to obtain atomically-flat, TiO 2 -terminated surfaces. 27 Our Cu 3 PdN films were grown by DC reactive planar magnetron sputtering using a Cu 3 Pd stoichiometric target (99.9% purity) in an Ar (20 sccm)/N 2 (20 sccm) atmosphere of 15 mTorr. The target was sputtered at 50 W and the heater temperature was set at 330°C. Prior to deposition, a base pressure of 1 × 10 7 Torr was achieved. We found the window of optimum growth conditions to obtain epitaxial and single phase Cu 3 PdN to be extremely narrow: slight deviations from the ideal conditions result in polycrystalline Cu 3 PdN and/or the emergence of other phases. The as-grown films were then post-annealed in flowing NH 3 (99.99%) atmosphere at 330°C in a tubular furnace to investigate the effect of annealing on the structural, compositional, and electrical properties of the films. Both as-grown and annealed Cu 3 PdN films are stable in air and resistant to common solvents like acetone, ethanol, or isopropyl alcohol. The results presented in this study correspond to 60 nm thick films (labeled as as-grown) that were subsequently post-annealed in NH 3 for a total time of 36 h (labeled as annealed).
The structural properties of both as-grown and annealed films were investigated at room temperature by XRD using a four-circle X-ray diffractometer equipped with Cu-Kα 1 radiation. In Fig. 2(a) , we show a characteristic XRD out-of-plane 2θ scan for as-grown and annealed Cu 3 PdN. (00l)-oriented Cu 3 PdN. In Fig. 2(b) , we show a XRD rocking curve evaluated at the (002) reflection for annealed Cu 3 PdN, which shows a full-width at half-maximum (FWHM) of 1.32°. The in-plane epitaxial arrangement of the films was confirmed by off-axis azimuthal φ-scans of the (022) reflection. A representative φ-scan for annealed Cu 3 PdN is shown in Fig. 2(c) . The scan shows four diffraction peaks located 90°apart at identical azimuthal angles as the SrTiO 3 substrate, confirming cube-on-cube epitaxial growth with [100]Cu 3 PdN||[100]SrTiO 3 relationship. Now we focus on the effect of NH 3 annealing on the structural properties of the films. In the inset of Fig. 2(a) , we show a 2θ scan around the SrTiO 3 (002) peak, where it is seen that post-annealing in NH 3 results in a shift of the Cu 3 PdN (002) peak toward the 2θ value previously reported for bulk Cu 3 Pd 0.989 N single crystals. 19 This result is in agreement with X-ray reciprocal space mapping (RSM) measurements taken around the (113) reciprocal lattice point [ Fig. 2(d) ], which shows that post-annealing in NH 3 drives the Cu 3 PdN (113) peak towards a nearly relaxed, bulk-like, state. The in-plane (a || ) and out-of-plane (a ⊥ ) lattice constants were determined to be a || ≈ 3.83 ± 0.01 Å and a ⊥ ≈ 3.87 ± 0.01 Å for the as-grown sample and a || ≈ 3.84 ± 0.01 Å and a ⊥ ≈ 3.85 ± 0.01 Å for the annealed one, which indicates that the shift of the (113) peak is accompanied with a slight variation of the unit cell volume toward the bulk value. As expected from the low annealing temperature of 330°C, as-grown and annealed films show insignificant changes in the FWHM values of 2θ, rocking curve, and off-axis peaks, indicating limited changes to the crystallite size and mosaic spread. In order to investigate the effect of possible chemical compositional changes on the structural properties of the films after the post-annealing treatment, we performed the depth profile SIMS analysis. 28 The results show an average of ∼10% lower nitrogen concentration in the annealed sample compared to the as-grown one (Fig. S1 of the supplementary material) . NH 3 annealing generally increases the nitrogen content of nitrides; 29 however, the low decomposition temperature of Cu 3 PdN limits the annealing temperature below the decomposition temperature of NH 3 , 30 where a limited nitrogen activity is expected.
We investigated the surface morphology and microstructure of the films by using atomic force microscopy (AFM) and cross-sectional scanning transmission electron microscopy (STEM), respectively. Figure 3(a) shows an AFM image for as-grown Cu 3 PdN films with a typical root mean square surface roughness of ∼1 nm. Similar surface morphology was observed in annealed samples, which is a further indication that low-temperature annealing in NH 3 does not produce visible changes to the crystallite size. The presence of surface grains indicates the columnar grain growth mode during the deposition. This is consistent with cross-sectional STEM analyses, which reveal a columnar grain structure with (001)-oriented grains of ∼40-50 nm in diameter. The columnar growth mode is usually associated with low surface mobility of incoming atoms during deposition, 31 which in our case could be related to the limitation of low-temperature growth required to obtain single-phase epitaxial Cu 3 PdN films. A low magnification STEM image showing the Cu 3 PdN film and the top of the SrTiO 3 substrate is shown in Fig. 3(b) . At the interface with the SrTiO 3 substrate, the Cu 3 PdN lattice shows some crystallographic defects, including antiphase domains and dislocations. Away from the interface, the crystalline quality of Cu 3 PdN substantially improves, as shown in the atomic resolution STEM high-angle annular dark field (HAADF) image in Fig. 3(c) and the corresponding fast Fourier transformation (FFT) pattern.
We now turn to the magneto-transport characterization of the films, performed using the van der Pauw configuration in a liquid-helium cryostat equipped with a 1.5 T magnet. Figures 4(a) and 4(b) show typical temperature dependence of the resistivity (ρ) for both as-grown and annealed films. Upon cooling from room temperature, the electrical resistivity for both samples decreases monotonically down to 20 K, exhibiting metallic behavior as predicted by theory. [32] [33] [34] The variation of ρ in this temperature range is very small, resulting in a low temperature coefficient of resistivity (TCR = dρ/(ρ 0 dT), where ρ 0 is the resistivity at 300 K) of 1.5 × 10 4 K 1 . Below 20 K, both samples show a small up-turn in the resistivity. Although ρ(T ) for both as-grown and annealed films show similar trends, annealed samples show a noticeable reduction of the resistivity of ∼30%. Furthermore, this resistivity decrease is accompanied by the Hall coefficient (R H ) sign reversal from positive (asgrown) to negative (annealed), as we show in Fig. 4(c) . We found that both the R H sign reversal and ρ change are dependent on annealing time: as seen in Figs. 4(e) and 4(f) , increasing the annealing time results in a gradual decrease of ρ and concomitant change of R H from positive to negative. Furthermore, the changes in ρ and R H are correlated with the variation of a ⊥ with annealing time [ Fig. 4(d) ]. The fact that all ρ, R H , and a ⊥ show a similar dependence with annealing time indicates a correlation between electronic properties and nitrogen stoichiometry.
We next discuss the R H sign reversal in the framework of the electronic band structure of Cu 3 PdN. As previously shown in Fig. 1(a) , the electronic band structure of Cu 3 PdN includes hole and electron-like bands near the Fermi level, so the magneto-transport analysis (R H sign reversal) requires considering multiple bands. In a simplified two-band model, the Hall resistivity (ρ xy ) is described by the following equation: 35 where B is the magnetic field, e is the electron charge, and n, p, µ e , and µ h are the electron and hole densities and mobilities. For nearly compensated materials (n ≈ p) in the limit of low magnetic fields, ρ xy is linearly proportional to B 36 as
in good agreement with our experimental observations (Fig. S2 of the supplementary material) . In this scenario, the magnitude and sign of R H dramatically depend on the relative values of n, p, µ e , and µ h . A gradual change from positive to negative R H , such as that observed in our Cu 3 PdN films, indicates a transition from pµ h 2 > nµ e 2 to pµ h 2 < nµ e 2 . Based on our SIMS chemical analyses, this transition likely arises from a variation in the carrier concentration driven by a variation in the nitrogen stoichiometry of Cu 3 PdN when annealing in NH 3 .
To understand the influence of nitrogen stoichiometry on the electronic properties of Cu 3 PdN, we performed ab initio band-structure calculations using Quantum ESPRESSO package 37 with ultrasoft pseudopotentials including SOC. Exchange and correlation effects were treated within the generalized gradient approximation (GGA). 38 We used a plane-wave cutoff energy of 40 Ry and a 16 × 16 × 16 k-point mesh in the irreducible Brillouin zone. To simulate the nitrogen deficiency, we uniformly replaced nitrogen atoms with virtual atoms, which have fewer valence electrons than nitrogen, using the virtual crystal approximation (VCA). 39 This approach is motivated by previous theoretical studies of the C-and N-deficient metallic antiperovskites Ni 3 AlC x 40 and Mn 3 AlN x , 41 which demonstrated that the major role of C or N deficiency is to decrease the number of valence electrons and lower E F . Figure 5(a) shows the calculated band structure of stoichiometric cubic Cu 3 PdN which is in good agreement with the band structures reported in Refs. 14 and 15, revealing a Dirac node along the R-M direction, a nearly linear dispersive hole-like band along the R-X direction, and an electron pocket at the Γ point. Since nitrogen deficiency is a common source of non-stoichiometry in nitride antiperovskites, 42 it is likely that our as-grown Cu 3 PdN films are slightly nitrogen deficient. Calculations for Cu 3 PdN 0.98 show that E F lies below the Dirac point, which opens two hole pockets located along the M-R and R-X symmetry lines, as indicated in Fig. 5(b) . These hole pockets may be responsible for the p-type conduction and positive R H observed experimentally in the as-grown films. Further decrease in the nitrogen content results in a gradual lowering of E F . As an example, Fig. 5(c) shows that in Cu 3 PdN 0.9 , the E F shifts closer to the bottom of the two free-electron-like bands with minima located at the M and R points. This opens two electron pockets which contribute to n-type conduction and may be responsible for the sign change of R H observed experimentally in our annealed films. Additionally, as recently proposed, 43 small lattice constant variations due to strain could also modify the band structure of Cu 3 PdN, so a more complex scenario combining the effects of strain and nitrogen content could also explain our experimental magneto-transport results.
In conclusion, we have demonstrated the growth of epitaxial thin films of nitride antiperovskite Cu 3 PdN, which is the vital first step to unlock its intrinsic physical properties. We show that Cu 3 PdN is a metallic conductor, as predicted by theory, and that the magneto-transport properties depend on small variations in the nitrogen content. Ab initio band structure calculations show that nitrogen understoichiometry results in a decrease of the Fermi level below the Dirac node. In this context, future research should focus on investigating chemical doping as a possible tool to tune the Femi level around the Dirac node to access the predicted topological properties of Cu 3 PdN. Additionally, given the good lattice match of Cu 3 PdN with most of the commonly used oxide perovskite substrates, we anticipate thin film engineering to be a versatile playground to further investigate the electronic properties of Cu 3 PdN under epitaxial strain, reduced dimensionality, and at interfaces with other materials.
See supplementary material for SIMS chemical composition analysis and supplementary magneto-transport data. 
